The paper presents a model of contemporary sedimentation in the fore eld of Hornbreen, tidewater glacier in Brepollen. The model is based on the results of grain-size analyses of bottom sediments and the information about dominant sedimentary processes in glaciated fjords. It is concluded that apart from the tidewater glacier which is the main source of sediment in this area, the material is transported also from the shores. Subsequently, the material is redeposited by iceberg-caused reworking, slides and gravity ows. Strong decreasing trend of particles' diameters with increasing distance from the ice cli is observed.
Introduction
Due to the climate warming since the end of the Little Ice Age, the retreat of most glaciers has been observed in Svalbard during 20 th century [1] [2] [3] [4] [5] [6] . This process is visible especially on the example of tidewater glaciers which terminating in water are more a ected by temperature changes than other glaciers. Tidewater glaciers are a ected by climate warming through changes in the surface mass balance components and the dynamic response of a glacier, as well as in case of glaciers of other types, but also through the in uence of warmer water on the ice cli [1] . The mean recession rate of tidewater glaciers in Hornsund during the last few decades varied from m a − to m a − [3] , however, other tidewater glaciers of Svalbard are retreating with the speed up to 260 m a-1 [1, 6] . The average recession rate calculated for all tidewater glaciers of Svalbard equals about 30 m a − [1] . Retreating tidewater glaciers release huge amounts of meltwater and icebergs loaded with sediment which is accumulated in their fore elds. The result of these processes is a signi cant increase of sediment accumulation rate (SAR). It has been estimated that in Hornsund SAR is generally in the range of 0.36-0.59 cm a − [7] . In Brepollen it reaches probably the highest value due to the big amount of tidewater glaciers concentrated in a small area. Glaciomarine environments are complicated systems of deposition, because of superimposition of glacial and marine processes [8] . Therefore, apart from direct deposition from the glacier front, deposition from meltwater ows, settling from suspension and 'rain-out' from icebergs which are connected with glaciers' recession, other sedimentary processes such as resedimentation by gravity ows, subaerial rock falls and mass ows, current reworking or shoreline and biological sedimentation should be taken into account [9, 10] . All mentioned processes in uence deposition of sediment in the fore elds of tidewater glaciers and condition its distribution.
The aim of this study is to describe sedimentary processes controlling deposition in the fore eld of Hornbreen on the basis of the modern sediment distribution. In this purpose, grain-size analyses of surface sediments and short cores has been undertaken to provide data re ecting horizontal and vertical sediment variations.
Previously, bottom sediments in Brepollen area have been described in 1986 [11] , 1987 [12] and 1991 [13] . Subsequently, sediments were investigated in 2007 during Norwegian marine-geological cruise, when swath-bathymetry survey, high-resolution seismic pro les and sediment sampling were undertaken [14] . However, no data obtained during this research and concerning Brepollen area has been published.
Study area
Hornsund is the southernmost major fjord developed in the west coast of Spitsbergen and orientated along W-E direction. It is about 30 km long and 5-12 km wide with ve secondary bays developed within its coastline, all bounded on tidewater glaciers. Hornbreen is one of the six tidewater glaciers terminating in Brepollen -the easternmost and innermost bay of Hornsund fjord ( Figure 1A) . Brepollen is about 13 km long and its width varies from 1.7 km to 15 km. The mouth of the bay is formed by two capes: Treskelodden from the N and Meranpynten from the S ( Figure 1A ). There are six tidewater glaciers owing into Brepollen: Hyrnebreen (NW), Storbreen (N), Hornbreen (NE), Svalisbreen (SE), Mendelejevbreen (S) and Chomjakovbreen (S). The area of Brepollen is directly inuenced by uctuations of glaciers' fronts positions. The bay has been developing quickly from the beginning of 20 th century, when it was relatively small and ended with a cli of one tidewater glacier [2, 4, 15] . Bathymetry of Brepollen is also a clear re ection of glaciers' activity. According to previous works [16] [17] [18] , eight various subbasins within the bay can be distinguished: 6 subaqueous valleys of present tidewater glaciers, central Brepollen subbasin and Treskelbukta subbasin ( Figure 1B ). The maximum depth of over 100 m has been observed in the central basin, while depth measured in the Hornbreen's subaqueous valley reaches over 90 m ( Figure 1B ). Hydrological conditions change seasonally: during spring and summer seasons thermal and saline water strati cation occurs, whereas in winter the water masses mix in a large volume [11] . Hornbreen is a polythermal surge-type tidewater glacier located in the easternmost part of Brepollen. Together with Hambergbreen, Hornbreen builds a solid barrier between Hornsund and the Barents Sea [4] . Hornbreen's ice cli is restricted by two big peninsulas situated in front of Mezenryggen (N) and Ostrogradskifjella (S) massifs ( Figure 1A ) and covered with moraine deposits. On the basis of eld observations, four zones of the ice cli can be distinguished (from NW): (A) strongly crevassed zone, (B) main meltwater out ow zone, (C) high cli zone and (D) bay-shaped zone ( Figures 1A, 2) . Numerous tidewater caves which indicate probable locations of englacial tunnels' outlets, are visible in the NW part of the cli (Figure 2 ). Furthermore, ground penetrating radar survey has revealed the existence of big subglacial tunnels inside the glacier [19] . Present thickness of Hornbreen varies between 100 and 200 m [4] and its retreat velocity, estimated to be 70±30 m a − , is classi ed as slow [1] . The glacier's catchment area is built mainly of Lower Cretaceous coarsegrained sandstones and shales of Helvetjafjellet and Carolinefjellet Formations [20] . Debris cover and various types of moraines are intensively forming on the active glacier ice as a result of landslides and soli uction [21] . Hornbreen's subaqueous glacial valley has an asymmetric relief. The southern part of the valley is shallower, so the main valley axis is located in its northern part, where depth exceeds 90 m ( Figure 1B) . As a result, the valley's bottom builds 30-40% of its entire width [17] .
Materials and methods
Sediment sampling took place in August 2008 and was performed at 38 stations located in the fore eld of Hornbreen at distances of about 0.5-6 km from its cli (Figure 1A , Table 1 ). Sediment cores were collected using gravitational bottom sediment sampler from the rubber-boat. The cores were cut into 1 cm thick slices, packed and stored rstly in a freezer and then in a fridge in temperature of about 2°C. Slices were signed according to X/y-z scheme, where X is the core number and y-z sediment depth interval.
The distances between Hornbreen's cli position and sampling stations were estimated as the average value of the distances in 2007 and 2009 (Table 1 ). The reason for such an approximation is the lack of data concerning the cli position in 2008 ( Figure 1A) .
Additionally, one CTD (conductivity, temperature, depth) pro le ( Figure 3A ) and one current pro le (Figure 3B) were measured in the near proximity of Hornbreen's ice cli in July 2008 ( Figure 1A point C1) . The water column hydrological properties were measured using Mini CTD Sensordata SD202 at intervals of 2 seconds. For the purpose of current measurements, Sensordata currentmeter Mini SD 6000 was used.
From the cores located along the main longitudinal and transverse pro les ( Figure 1A ), hereinafter referred to as 'axial cores', each slice was analysed individually to investigate the vertical sediment grain-size diversity. From other cores 'surface samples', consisting of three surface slices, were prepared and analysed in order to present areal sediment diversity. The mass of samples, dried in 105°C, varied in the range of 7.240-24.895 g for single slices and 27.590-46.604 g for 'surface samples'. Cores 11, 12, 15 and 38 were rejected from the analysis because of sampling errors.
Samples from 'axial cores' were wet-sieved using 0.5 mm, 1 mm and 2 mm Fritsch sieves. Analysis of grains with diameters smaller than 0.5 mm was performed using laser particle-size analyser (Analysette 22 Comfort Fritsch). Time of ultrasonic disintegration was 2-3 minutes and the amount of sediment in measurement cell was 9-17%. The main reason for using the boundary value of grains' diameter equal 0.5 mm was relatively small mass of analysed samples, what would have resulted in small accuracy of very ne -medium sand content measurement. The results of grain-size analyses are presented as weight (fraction >0.5 mm) and volume (fraction <0.5 mm) percentages in the form of frequency curves (Figures 4, 5) . Additionally, cumulative histograms presenting each fraction content in every slice has been prepared ( Figures 6, 7) . Grainsize analysis was performed with 1-phi fraction accuracy within 2 mm-0.122 µm limits.
'Surface samples' were wet-sieved using 0.063 mm Fritsch sieve. Then sediment of the >0.063 mm fraction was dry-sieved using 0.122 mm, 0.250 mm, 0.500 mm, 0.930 mm and 2 mm sieves. Analysis of fractions <0.063 mm was performed using laser particle-size analyser (Analysette 22 Comfort Fritsch). The results are presented as weight (fraction >0.063 mm) and volume (fraction <0.063 mm) percentages in the form of frequency curves (Figure 8 ). Grain-size analysis was performed similarly, with 1-phi fraction accuracy within 2 mm-0.122 µm limits.
In both cases, grain-size parameters (mean diameter, sorting, skewness and kurtosis) were calculated using GRADISTAT 4.0 [22] . For the purpose of interpretation, logarithmic (original) Folk and Ward (1957) graphical measures were used. Grain-size fractions' limits were determined according to modi ed Udden -Wentworth grade scale adopted in GRADISTAT [22] . For description of sediments major textural groups and detailed sediment names after Folk (1954) were used [22, 23] .
The maps of each fraction content and grain-size parameters' distributions in the entire survey area were created using Natural Neighbour interpolation method (Figures 9, 10, 11 ). In order to provide reliable data, weighted average of each fraction content in three surface slices of 'axial cores' was calculated.
Results

Hydrography. Hydrological conditions in proximity of
Hornbreen ice cli can be described on the basis of CTD and current pro les collected at point C1. The obtained results show a distinct temperature-salinity strati cation of water column ( Figure 3A) . Existence of four main water layers has been stated: surface layer of cool brackish water at depth 0-11 m originating from glacier melting (1), layer of water mixing (depth 11-25 m), where rapid changes of temperature and salinity occur (2), layer of fjord water (depth 25-50 m) with a regular increase of density and salinity, and decrease of temperature in term of depth (3), layer of over-cooled dense water (depth 50-55 m) remained from winter mixing (4) . Existence of the latter even during late summer seasons in 1999, 2000 and 2002 has also been proved [24] . Similar summer water column salinity strati cation was observed in Brepollen in July 2002. Measurements undertaken at the distance of ca. 5 km from glaciers' fronts showed salinity increase from less than 28 PSU (Practical Salinity Units) at surface to 34.68 PSU close to the bottom (ca. 138 m below sea level) [24] . Moreover, similar results have been obtained in the fore eld of Kongsbreen (Kongsfjorden, Svalbard), where the measured thickness of surface layer of brackish water, at the distance of ca. 0.45 km from the glacier's front, was ca. 10 m [25] . According to the current measurements the main water current is directed at WSW ( Figure 3B ). The rapid decrease of meltwater out ow velocity with depth, from 35 cm/s at 1 m below sea level (b.s.l.) to 5 cm/s at 7 m b.s.l., is observed. The existence of at least one vortex cell can be suspected at depth of 15 m, where current direction changes to opposite.
Sediment properties and grain-size distribution.
Sediments collected from 'axial cores' belonged mainly to the textural group of muds, secondarily sandy muds (sediment names varied from very ne silt to coarse silt Table 2), and showed unimodal grain-size distribution in all slices (cores 8, 17, 18, 26) or unimodal and bimodal grainsize distribution (cores 4, 9, 20). The most prominent mode was in medium silt fraction (≈6.5 phi) and the secondary mode in very ne silt fraction (≈8.5 phi). Exceptions were cores 13 and 14, closest to the ice cli , in which textural group of sandy muds was dominating (sediment names varied from ne silt to very coarse silty very ne sand - Table 2 ), grain-size distribution varied from unimodal to trimodal and dominating fractions were medium silt (≈6.5 phi), very ne silt (≈8.5 phi) and very ne sand (≈3.5 phi) in di erent combinations (Figures 4, 5) . All sediments had dark greenish colour and were poorly to extremely poorly sorted, mainly with symmetrical or platykurtic grain-size distribution.
Sediments derived from 'surface samples' fell mainly into the textural group of muds, secondarily sandy muds (samples 1, 6, 21, 33), whereas sediment names varied from ne silt to very coarse sandy ne silt (Table 3) . Sediments had mostly unimodal grain-size distribution with dominating fraction of ne silt (≈7.5 phi). Bimodal grain-size distribution with the second dominating fraction of very ne sand (≈3.5 phi) has been observed only in samples 1 and 21. Sediments were of dark greenish colour, poorly and very poorly sorted with mainly symmetrical grain-size distribution ( Figure 8 ).
Sediments usually contained gravel grains interpreted as dropstones. Sands consisted mainly of mineral grains, nevertheless, skeleton fragments of foraminifera and other marine organisms did also occur.
Several important observations have been made on the basis of sediment grain-size distribution along longitudinal and transverse pro les (Figures 4, 5, 6, 7): the content of sandy and gravel fractions in cores closest to the ice cli (13, 14) is signi cantly higher than in other cores (Table 4 ) (1), the content gravel and sands decreases with increasing distance from the ice cli (2) and the content of gravel shows indistinct regularity in term of depth in cores 14, 4, 20 (3) .
Moreover, sediment grain-size distribution in the entire survey area has been described on the basis of 'surface samples' analysis. In general, the content of sands and gravel decreases irregularly with distance from the ice cli ( Figures 9A, 9B, 9C ). The area of increased gravel fraction content comprises mainly samples 13 and 14 ( Figure 9B ). The content of sands, however, reaches the highest value of 24.4% in sample 1 (Figures 9C). Incidentally, higher content of gravels and sands is observed in samples 6, 33 and 30, 33 respectively ( Figures 9B, 9C ). Grain-size distribution maps prepared only on the basis of silt and clay content reveal, that relatively higher content of clay in comparison to silt is observed along longitudinal axis of the fore eld ( Figures 9D, 9E) . Furthermore, the content of silt fraction is higher in areas close to the valley slopes (samples 1, 2, 25, 29, 18, 19) and on the bottom elevations (samples 14, 21, 22) ( Figure 9D) .
Interpretation of grain-size distribution. The grainsize distribution in 'axial cores' indicate a strong disproportion between sediments in cores 13, 14 and sediments in other cores, resulting from their close proximity to the ice cli (core 13) , what means higher energy of meltwater outow, and relatively shallow depth (core 14). Furthermore, core 14 is also under the in uence of Hornbreen's high cli zone ( Figures 1A, 2) , where numerous icebergs loaded with Table 2 : Sediment names determined for slices of 'axial cores' according to Folk (1954) sediment are produced ( Figure 12 ). Rapid increase of very ne sand content at depth of 6 cm in core 14 could be an image of the cli 's past position which led to formation of morainal bank or recessional moraine ( Figure 6 ). The regularity in incidental appearance of gravel in analysed cores is a result of intensi ed glacier calving and, therefore, icebergs' drifting and melting during summer season. Intensity of these processes seems to be decreasing with distance.
The decrease of sands and gravels content described on the basis grain-size distribution in 'surface samples' is partly an image of declining energy of meltwater out ow with increasing distance from the ice cli [10, 11, 27] . The tendency is clearly visible to the distance of about 2.5 km from the cli ( Figure 9A , Table 1 ). Further, the grain-size distribution is less diverse due to the continuous and gradual suspension settling of the nest particles ( Figure 10A) , however, sediments are still becoming ner with increasing distance from the ice cli ( Figure 11A ). Here and there coarser grains melted out from drifting icebergs are observed (samples 6, 30, 33) ( Figures 9A, 10A, 12 ). Increased content of gravel in samples 13 and 14 is probably a result of intensi ed icebergs' activity or formation of accumulative forms, such as morainal banks or submarine outwash, in the marginal zone [26] . Additionally, the existence of dynamic out ow or occurrence of gravity ows from the fjord slope could be suspected in the region of sample 1 (Figure 12 ), due to its highest sands content. The probable occurrence of gravity ows is also re ected in the distribution of silt, which tends to accumulate close to the valley slopes. Predominance of silt over clay fraction on bottom elevations is a result of intensi ed current reworking and iceberg scouring (Figure 12 ). It is worth mentioning, that the area of increased sands content, extending along samples 1, 2, 24 and 25, is a result of interpolation algorithm behaviour ( Figure 9C ).
Controls on diversity of grain-size statistical parameters. The results of grain-size statistical parameters' distribution analysis reveal irregular decrease of the mean diameter of grains (GSS) with increasing distance from the ice cli and from SE shore (Figures 10A, 11A) . Such distribution of GSS con rms the fact of environment energy decrease with increasing distance from the ice cli . The main transport of sediment occurs along the longitudinal axis of the fore eld from the glacier's ice cli to central Brepollen ( Figure 10A ), mainly in the meltwater plume, what is characteristic for all Spitsbergen glacier-in uenced fjords [27] . According to GSS distribution map, the secondary sources of sediment are the shores of peninsulas restricting Hornbreen from N and S, from which moraine material is transported by seasonal streams (1) and valley slopes which are the source of submarine slides and gravity ows (2) (Figures 10A, 12) . Moreover, relatively low value of GSS in SE part of the fore eld (samples 14, 21, 22) indicates intensi ed current reworking and iceberg scouring on this bottom elevation ( Figures 10A, 11A, 12) . Positive anomalies in GSS distribution observed in samples 6, 8, 26 and 33 are an e ect of ice-rafted debris sedimentation, so no sediment transport directions were determined on the basis of them ( Figure 10A ). The sediment sorting coe cient (GSO) decreases irregularly with increasing distance from the cli (Figures 10B, 11B ) and worse sorting of silt and clay fractions was identi ed in SE part of the fore eld than in its NW part ( Figure 11B ). The poor level of sorting in analysed sediments is an e ect of superposition of di erent deposition processes and seasonal changes of environment energy. On the basis of GSO distribution it could be appointed, that the highest diversity of depositional processes occurs in close proximity to the ice cli (the area of samples 13 and 14) , where the level of sediment sorting is the lowest. Further from the cli , where gradual suspension settling dominates and sedimentation becomes more calm and homogenous, observed sediment sorting level increases ( Figure 10B ). The probable reasons for relatively low GSO value in the area of samples 2, 3 and 24 ( Figure 11B ) are: the transport of deposits from the shore by seasonal streams, which energy condition the size of particles that can be carried out (1) and northern de ection of the out ow, which could dominate other sediment sources in this region ( Figure 12 ). Furthermore, gradual change of sediment skewness (GSK) from coarse skewed in the proximity of ice cli to symmetrical in central Brepollen has been observed ( Figures 10C, 11C ). This trend simply re ects the fact, that coarse fractions (sands and gravel) are deposited close to the glacier terminus, whereas grains of silt and clay fractions are transported to the central part of Brepollen in the meltwater plume. Moreover, relatively low value of GSK is visible in the area of samples 14, 21 and 22 ( Figure 11C ). The observed anomaly is probably a result of intensi ed sediment winnowing and reworking, described earlier on this bottom elevation on the basis of GSS distribution. However, negative values of GSK could be also a result of active redeposition processes [28] , which probably occur in this region in the form of slides, gravity ows and iceberg scouring ( Figure 12 ). Finally, relatively high values of kurtosis (GSP) are observed in the proximity of the glacier terminus, where sample 2 reveals even very leptokurtic grain-size distribution ( Figure 10D ). The anomaly is related to the very high content of ne silt (24.7%) in sample 2 and neighbouring samples 3, 23 and 24. According to [28] , such domination of one fraction is an indicator of homogenous and dynamically unstable conditions, which could be an e ect of activity of a current process, such as dynamic out ow. This supposition could be conrmed by relatively low GSO values occurring in this region. Additionally, the map calculated only on the basis of silt and clay fractions' content show that GSP values are higher in the SE part of the fore eld than in its NW part ( Figure 11D ), what is probably connected with winnowing of clay fraction from bottom elevation. Generally, platyand mezokurtic grain-size distributions, which dominate in the survey area, indicate that the amount of sediment is typical for analysed sedimentary system or even bigger [28] . Local disturbances of GSS, GSO, GSK and GSP distributions occur in cores 33 and 6, due to sedimentation of ice-rafted debris (IRD). It has been noted that the maps of grain-size parameters prepared for all fractions provide information concerning the in uence of the glacier on sediment distribution ( Figures 10A, 10B, 10C) , whereas the maps of parameters calculated only on the basis of silt and clay content reveal also the relation between sediment properties and bathymetry ( Figures 1B, 11A, 11B, 11C ).
Discussion
Glacier-in uenced fjords are considered to be a low-energy basins which are e ective traps for sediment. Most of the sediment is deposited near the ice terminus and intensity of sedimentary processes decreases rapidly away from the ice margin [10, 11, 25] . According to [10] , four main sets of processes distributing sediments in glacier-in uenced fjords are: ice-contact processes that control the release of sediments (1), uvial processes that transport sediments through the fjord (2), icebergs and sea ice rafting (3) and deep-water currents (4). Subsequently, deposits may be redistributed by secondary processes, such as gravity ows, slides or wave and tidal action. Generally, meltwater discharge and iceberg calving are considered to be the most e ective processes in uencing sediment distribution and overwhelming the impact of ice-front melting [10, 26] . Depending on the climate conditions, the relation between the in uence of meltwater and the in uence of ice-related processes change [27] . High air and water temperatures result in the big amount of meltwater produced, what can be widely observed in temperate fjords (e.g. Alaskan), where glacimarine sedimentation is dominated by meltwater processes [27, 29, 30] . On the other hand, in colder settings, such as East Greenland or Antarctica, iceberg sedimentation becomes more important [27, 31, 32] . Particularly, in the fjords of Spitsbergen the in uence of meltwater has been proved to be dominating [27, 33, 34] . This thesis has been con rmed by the research undertaken in glacier-in uenced Kongsfjorden (Spitsbergen), where the main sediment transporting factor is buoyant hypopycnal ow of brackish water originating from big englacial tunnel [25, 33] . However, it has also been proved that fjords of Svalbard, where mainly polythermal glaciers occur, are less strongly in uenced by meltwater sediment delivery than temperate fjords are [35] . Sedimentary processes in glaciomarine environments are complicated and depend on numerous factors, such as bathymetry, salinity, marine currents and tides or seasonal temperature changes. Therefore, detailed analysis of sedimentation in front of a tidewater glacier requires complex measurements of water column properties, currents and suspension load which have not been undertaken in this research. Nevertheless, on the basis of information gathered about Hornbreen and sediments' grain-size distribution in its fore eld, the general description of depositional processes in this area has been given.
Ice-contact processes. In case of Hornbreen direct deposition from the ice cli , comprising dumping or release of supraglacial and englacial debris by melting at the ice margin [9] , is not possible to determine, because the nearest sampling station (1) is located at the distance of ca. 426 m from the cli , whereas ice-contact processes cause most sediment to be deposited very close to the ice terminus [10] . However, this type of sedimentation needs to occur due to englacial and supraglacial debris content, glacier's regular movement and temperature di erence between ice and water ( Figure 12 ) [10] . The good evidence of this process are recessional moraines visible on the Hornbreen's fore eld bathymetric map [14, 36] .
Meltwater out ow. On the contrary, glacio uvial processes which comprise deposition from meltwater ows and settling from suspension, have a visible in uence on sediment distribution in the study area. On the basis of photographic documentation of Hornbreen's cli , existence of at least ve probable tidewater caves in its NW part can be determined (Figure 2 ). These tidewater caves are good indicators of localization of discharge outlets functional in recent past [10] . Moreover, a form of calving bay in the central part of Hornbreen's cli is visible among at least the last three years ( Figure 1A ). The bay is considered to be a result of activity of the biggest present meltwater discharge. Another indicator of this out ow is a big tidewater cave located in this area (Figure 2) . The current measurements undertaken at point C1 ( Figure 1A) , exactly in the axis of main meltwater out ow, were used to determine exact position of the tunnel outlet. It turned out to be situated in the centre of the bay (Figure 12 ). The current velocity decrease with depth indicates, that at the distance of about 393 m from the ice cli , the submarine discharge jet has reached sea level and is propagating as surface buoyant plume. As sedimentation of jet suspended load peaks at the position, where the jet begins to rise from the level of discharge outlet [10] , none of the collected cores can re ect these conditions with reference to analysed out ow. The sediment particles fallout progressively from the jet, due to the velocity and jet momentum decay according to Stokes' law [10, 25] . According to [10] , about 70% of the sediment load is deposited within the rst 500 m from the ice front. The research undertaken in Kongsfjorden indicates, that even ca. 90% of total sediment input is deposited within distance of 400 m from the ice cli [37] . The other type of submarine discharge that should be considered is underow which occurs in case of exceptionally high concentration of sediment load in the e ux. However, such concentrations are considered to be seldom in present glacierin uenced fjords [10] , so they will not be taken into account in the case of Hornbreen. There is no information concerning supraglacial discharge, though it probably becomes part of englacial discharge due to the presence of numerous crevasses in the glacier close to the ice front position. It is worth mentioning, that in case of subglacial discharge occurrence bedload is deposited directly at the discharge outlet in the form of grounding line fan, from which material is redistributed by sediment gravity ows [9, 26, 27] . In Spitsbergen fjords submarine fans are often well developed [27] .
The sediment distribution feature that could re ect existence of submarine, even subglacial, discharges from Hornbreen's ice cli is the higher content of gravels and sands in sample 13 which is located on the axis of main meltwater out ow. On the contrary, even higher content of these fractions in sample 14 must be related to other sedimentary processes, due to its bigger distance from the ice cli and southern de ection from the axis of the out ow. The probable reasons for this anomalous distribution will be discussed in further part of the paper. The highest content of sands in sample 1 (22.4%) could also be a result of submarine discharge activity, as the existence of several tidewater caves in NW part of the cli implies (Figure 2) .
Settling from suspension. Glacier-in uenced fjords are settings, where ne-grained sediments (silt and clay) tend to dominate [27] . The smallest particles which were not deposited during rising of the meltwater discharge, are transported downward the fjord in the over ow plume [38] . The distance the particle is carried away depends directly on the surface plume velocity and on the time it can remain in surface layer [10] . Indirectly, this distance varies due to freshwater discharge, basin morphology and external forces, such as tides and winds. After leaving the surface layer the particle is starting its residual descent vertical path. Settling of particles proceeds gradually according to Stokes' law, however, processes such as occulation, agglomeration or pelletisation accelerate deposition of joined particles [9, 10, 38] . The plume can transport in suspension the particles up to ne sand fraction [38] . In the Hornbreen's fore eld the process of gradual suspension settling is re ected as regular decrease of the mean diameter of grains (GSS) with increasing distance from the ice cli ( Figures 10A, 11A) .
Iceberg calving. As mentioned earlier, iceberg calving is generally an important factor controlling sediment distribution in glacial-in uenced settings, however, not the one of the biggest importance in fjords of Svalbard. Ice-rafted component of bottom sediments has been mentioned as the one of even minor signi cance in Kongsfjorden [33] . In the Hornbreen's fore eld the in uence of icebergs' activity on sediment distribution has been observed. It has been estimated that iceberg calving contributes 17-25% of total mass loss of Svalbard glaciers', with the average value of 21% [1] . In case of Hornbreen estimated calving intensity equals 0.0271 km a − [1] . In general, four types of icebergs, depending on their genesis and ability to release sediment, has been described [10] . The icebergs originating from subaerial jointing of ice blocks and jointing of ice blocks around ice caves or along tidewater indenture, tend to lose their material immediately near the ice front through iceberg overturning and plunging, whereas large icebergs (mega-icebergs) formed by detachment along crevasse system transport sediment to the mouth of the fjord by rafting. In the case of Hornbreen, the zone of strongly crevassed high cli ( Figures 1A,  2) is the origin of mega-icebergs, whereas in the NW part of the cli icebergs originating from caves are more likely to occur. The height of Hornbreen's ice cli , estimated to about 70 m a.s.l. in 2000 [4] , enables jointing of icebergs of similar size. It means that in SE part of the fore eld, where bottom elevation of about 35 m b.s.l. is observed (samples 21, 22, 14) , mega-icebergs can cause reworking of bottom sediments creating forms, such as plough marks, grooves, sprag and jigger marks or gravity craters [9] . In Hornsund the greatest icebergs could reach ca. 25 m high, what means that the depth of bottom sediment penetration is several times greater [11] . Moreover, icebergs frequently remain jammed in NE and SW parts of Brepollen [11] . Nevertheless, according to [13] , iceberg-caused sediment reworking in the fjord occurs mainly to the depth of 20 m and at greater depths it is less pronounced. Bottom sediments reworking by mega-icebergs in SE part of Hornbreen's fore eld (high cli zone) is one of the probable reasons for abnormally high content of coarse fractions in sample 14. Additionally, intensi ed sediment melting out from drifting icebergs should be taken into account, due to their tendency to accumulate in this region ( Figure 12 ). The activity of icebergs is clearly visible on sediment distribution maps as high content of gravels (samples 33, 6) and sands content anomalies (samples 30, 33) at big distances from the ice cli , due to sedimentation of ice-rafted debris (IRD). As mentioned earlier, regularity in incidental appearance of gravels ( Figure 6 ) is a result of intensi ed glacier calving and, therefore, icebergs drifting and melting during summer season.
The sedimentary processes described above are responsible for the primary accumulation of sediments in the glacier's fore eld. However, for detailed analysis of the entire glaciomarine sedimentary system, secondary processes, such as redepositional ones, should be taken into consideration.
Redepositional processes. Redeposition of sediments in glacier-in uenced fjords is a result of tides and waves action and slope instabilities [10] . In Brepollen region tidal currents probably do not a ect sediment distribution signi cantly, because of its internal localization and generally low tide amplitude in Hornsund (up to 1.5 m) [11] . On the contrary, the in uence of current reworking on sediment distribution has been proved to be significant in Kongsfjorden, where generally coarser sediments are observed on the slopes and sills than inside the basin [33] . The sediment reworking can be also caused by deep water renewal events, which take place only in the years of abnormally strong in ows of Atlantic Core Water into the fjord [39] . In such situations dense cold bottom water, formed during winter freezing, is exchanged with the outer fjord water masses [11] .
According to [10] , there are three types of waves that can cause sediment redeposition: surface waves created by diurnal land-sea breezes and storm winds, iceberg calving generated waves and giant waves resulting from earthquakes and subaerial debris dislodging from fjord margins. Generally, the height of waves seldom exceeds 3 m in most fjords, what implies wave base not deeper than 20 m b.s.l. [10] . Therefore, this type of waves cannot have a signi cant impact on sediments redistribution. Svalbard region is generally described as seismically active area [40] , with most of strong earthquakes occurring along the Mon and Knipovitch Ridges and the Storfjord Channel, which is located on the east side of Spitsbergen at nearly the same latitude as Brepollen. The strong events, which occur there in intervals of several years, are usually followed by series of aftershocks [40] . Therefore, the in uence of earthquakes on slopes' stability and creation of giant waves should not be neglected. However, among all the other wave types probably the iceberg calving generated waves would be the ones of the biggest importance for sediment redeposition in Hornbreen's fore eld. Unfortunately, the impact of currents and waves action on sediment distribution in the fore eld of Hornbreen is not possible to determine on the basis of available data. For this purpose more data concerning water column properties and calving intensity should be collected. Redepositional processes, the e ects of which can be observed on sediment distribution, are also slides, gravity ows and sediment creep [33, 34] . Frequency and intensity of slides, which could initiate gravity ows, depend on the fjord morphology, mainly slope steepness and relief, and sediment thickness [41] . Gravity ows are also associated with glaciomarine accumulative forms created by glacier's activity and sediment release, such as morainal banks or recessional moraines. Most of them occur within the marginal zone, where exceptionally high sedimentation rates lead to oversteepening of local slopes [10, 26, 37, 42] . Moreover, as the main reason for the occurrence of gravity ows in temperate fjords iceberg calving has also been mentioned [26] . The in uence of slides, slumps, gravity ows and sediment creep on sediment distribution has been observed in Kongsfjorden [33, 37] .
The analysis of cores' positions with reference to submarine landforms' locations on the basis of detailed swath-bathymetric map gives additional possible explanations for grain-size distribution anomalies [36] . In the foreeld of Hornbreen were identi ed: recessional moraines (annual push moraines according to the nomenclature of [43] ), glacial lineations and crag-and-tail structures [14] . The possible in uence of these on sediment distribution will be described on the example of sample 14, which position on transverse and longitudinal bathymetric pro les has been analysed ( Figure 13 ). Transverse bathymetric prole including samples 22, 14, 23 and 2 reveals, that sample 14 is situated between two accumulative forms of ca. 5 m height, separated by the distance of ca. 110 m ( Figure 13B ). According to [43] , these relations suggest that, depending on their orientation which is not clearly visible on bathymetric map, the forms could be glacial lineations formed subglacially during rapid advance or rhombohedral ridges formed during post-surge stagnation. Described localization of sample 14, which favours the occurrence of massow processes from both sides, is therefore one of the possible explanations for its abnormally high content of coarse fractions ( Figure 9A) . Similar e ect can be observed in the case of sample 1, which has the highest sand content ( Figure 9C ). The sample is located between two glacial lineations and in close proximity of the steep valley slope, what increases the possibility of sediment redeposition. However, in this case, the proximity of the ice cli could be also the reason for such particles' distribution. Additionally, the longitudinal bathymetric pro le across sample 14 ( Figure 13A ) reveals the existence of at least one large transverse ridge, which could be interpreted as recessional moraine [43] . None sediment samples are located on this form. The presence of coarser deposits on valley slopes ( Figure 10A ) can be interpreted as a result of current reworking and sediment creep, which occur commonly in Kongsfjorden [33] .
Conclusions
Investigations of sediment properties and its distribution in the fore eld of Hornbreen revealed that the majority of modern glaciomarine sediments in this region consists of poorly sorted and extremely poorly sorted muds (according to textural groups' classi cation after Folk (1954) ) with dominant fraction of ne or medium silt. However, sediments closest to the head of the glacier belong mainly to the textural group of sandy muds with higher content of very ne sand and polymodal grain-size distribution. As one can conclude, the sediment distribution described in the fore eld of Hornbreen is generally consistent with theoretical glaciomarine models, which de ne ice-proximal deposits as rhythmically laminated sediments consisting of graded sand-clay couplets (cyclopsams) or graded siltclay couplets (cyclopels) and ice-distal deposits as homogenous muds with low content of ice-rafted debris [9, 11, 26, 34] . Unfortunately, the probable lamination of iceproximal deposits could not be observed due to the chosen core acquisition method. Nevertheless, the di erences in sediments' mean grain-size between ice-proximal cores (e.g. 13 and 14) and ice-distal cores (e.g. 8 and 9) are clearly visible. It has been concluded, that the main origin of sediment material is the tidewater glacier. Sediment distribution is controlled predominantly by meltwater discharge, what is re ected as strong decreasing trend of particles' diameters with increasing distance from the ice cli . Other sedimentary processes that in uence sediment distribution are deposition from icebergs, due to the presence of IRD in sediments, and redepositional processes, such as iceberg-caused reworking, slides and gravity ows. Sediment distribution re ects seasonal changes in iceberg calving intensity and decrease of iceberg-originating sedimentation with increasing distance from the cli . Additionally, the particles are transported from the shores of peninsulas restricting Hornbreen from N and S and from the valley slopes. These conclusions correspond perfectly with the thesis maintaining, that the dominant sediment transportation factor in subpolar fjords is meltwater outow, which overwhelms the role of icebergs [27] . Proposed sedimentation scheme is typical for fjords of Svalbard and shows good consistency with the models suggested in papers mentioned above [25, 27, 33, 34, 37] . A novel aspect, that has not been considered in the literature, is the significance of shores as secondary sediment sources. More de-tailed and versatile model of sedimentation in Hornbreen's fore eld could be prepared only when measurements of water column properties, sediment load and accumulation rate would be carried out.
